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standing question of whether protons may be bound to these structures in the form of a hydronium ion. Using both classical
and quantum-mechanical simulations, we show that this notion is implausible. Ab initio molecular dynamics simulations of
the binding site demonstrate that the putative H3O
þ deprotonates within femtoseconds. The bound proton is thus transferred
irreversibly to the carboxylate side chain found in the ion-binding sites of all ATP-synthase rotors. This result is consistent
with classical simulations of the rotor in a phospholipid membrane, on the 100-nanosecond timescale. These simulations
show that the hydrogen-bond network seen in the crystal structure is incompatible with a bound hydronium. The observed coor-
dination geometry is shown to correspond instead to a protonated carboxylate and a bound water molecule. In conclusion, this
study underscores the notion that binding and transient storage of protons in the membrane rotors of ATP synthases occur
through a common chemical mechanism, namely carboxylate protonation.Received for publication 26 June 2010 and in final form 21 July 2010.
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doi: 10.1016/j.bpj.2010.07.046The membrane domain of ATP synthases (and related
ATPases) couples their catalytic activity to electrochemical
gradients. This coupling is made possible by the rotor
subunit, an oligomeric assembly of transmembrane helices.
This ring-like structure binds Hþ or Naþ and mediates their
membrane translocation, either down or against the
gradient, through a rotary mechanism that is linked to
ATP synthesis or hydrolysis, respectively (1,2).
X-ray crystallography and computer simulations have re-
vealed the atomic structure of the ion-binding sites in
several rotors (3–8). These sites are located on the outer
face of the rings, half-way across the membrane. Different
rotors use different amino acids for ion coordination, thus
modulating their specificity and affinity (9). A conserved
carboxylate side chain is the most prominent among these,
countering most of the energy cost of ion dehydration.
A long-standing question with regard to ion binding is
whether Hþ binds to the rotor rings through protonation
of the conserved carboxylate, or as a hydronium ion (10).
This question, raised by Boyer (10) more than 20 years
ago, followed the observation that some transport systems
are alternatively driven by Hþ or Naþ gradients, including
ATP synthases. The then recent discovery of the structure
of a cation-binding crown ether, with a bound H3O
þ (11),
proved that a given coordination chemistry can, in principle,
suit both Naþ and hydronium. More recently, the possibility
of proton binding as H3O
þ has been invoked to provide a
mechanistic underpinning to the mystifying pH dependence
of DCCD-based inhibition assays (12); the concept has since
caught on, and for other transport systems as well (13–15).
The subsequent determination of the atomic structures of
two Hþ-coupled rotors, however, appeared to establish thatbinding of Hþ to ATP-synthase rotors occurs through side-
chain protonation (4,5,8). In these rings (both of which
show anomalous pH profiles), the conserved carboxylate
side chain is clearly engaged in an intersubunit hydrogen
bond, acting as a donor. This notwithstanding, the more
recent structure of the c13 ring from Bacillus pseudofirmus
has reopened the controversy (16). The suggested structural
similarity of its binding sites to the crown ether mentioned
above, and the presence of what appears to be a water mole-
cule, appear to revive the notion of H3O
þ binding.
In this work, we use classical and quantum-mechanical
computer simulations to assess whether or not protons
bind to the Bacillus pseudofirmus rotor ring in the form of
a hydronium species. This theoretical analysis unequivo-
cally demonstrates that they do not. Instead, like the c15
and c14 rotors previously described (4,5), the Bacillus c13
ring binds and shuttles Hþ in the membrane through proton-
ation of the carboxylate side chain in the binding site.
Our first line of evidence derives from inspection of the
structure itself. Like the crown ether, the proton-binding
site in the Bacillus ring includes three potential hydrogen-
bond acceptors of the putative H3O
þ ion; these are the
side-chain carboxylate of E54, and the backbone carbonyls
of L52 and A53 (Fig. 1 A). However, the first coordination
shell also includes a hydrogen-bond donor, namely the
backbone amide of V56. This is an important distinction,
as the likelihood that H3O
þ acts as an acceptor is, in fact,
FIGURE 1 (A) Crystal structure of the proton-binding site in the
c13 rotor from Bacillus pseudofirmusOF4. (Red sphere) Putative
H3O
þ. (B) View of the simulation system, with the rotor
embedded in a model lipid membrane.
FIGURE 2 Representative coordination distances in the
Bacillus c13 rotor ring. Average and spread crystal-structure
values (dashed line, orange band) are compared with calculated
ensembles from classical simulations of the rotor in a mem-
brane, at ~300 K (solid lines). (A) Simulations in which E54 is
protonated, and a water is bound to the site; (B) simulations in
which Hþ is bound as a H3O
þ species, and E54 is deprotonated.
FIGURE 3 Ab initio simulations of proton dynamics within
a reduced model of the ion-binding site of the Bacillus rotor.
Configurations at t ¼ 0 are depicted for (A) the putative H3Oþ
state, and (B) the site with E54 protonated plus a bound H2O.
The plots describe the proton trajectories as the distance to
the water or carboxylate oxygen atoms.
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not favorable, as shown by detailed theoretical studies of
the structure and dynamics of hydrated protons (17).
The logical hypothesis that follows this argument is that
the coordination geometry in the crystal structure is incom-
patible with a bound H3O
þ. To assess this hypothesis, we
carried out a series of classical molecular dynamics simula-
tions of the c13 rotor embedded in a lipid membrane. The
simulations were prepared either with a bound H3O
þ ion
and E54 in the ionized state, or with protonated E54 and
a bound water molecule. Classical simulations do not allow
for dissociation or formation of covalent bonds; thus, these
configurations are chemically stable by construction. Three
slightly different H3O
þmodels were used, to account for the
inexactness of the classical approximation.
As shown in Fig. 2 and Fig. S1 in the Supporting Material,
the simulations of the rotor with a bound H3O
þ consistently
showed clear deviations from the geometry observed in the
crystal structure. The electrostatic repulsion with the amide
of V56 appreciably shifts the ion position deeper in the
binding site, thereby altering the hydrogen-bonding net-
work. For example, the carbonyl of A53 is no longer
engaged, while those of G17 and A18 alternate as transient
new acceptors. Also, the coordination by E54 becomes bi-
dentate, with both H2O/O-O3 distances outside the range
measured. By contrast, in simulations in which E54 is
protonated, the geometry of the binding site remains in
good agreement with the crystal structure, i.e., the four
hydrogen-bond network in Fig. 1 A corresponds to a plain
water molecule. Incidentally, the conclusions from these
classical simulations are consistent with density-func-
tional-theory structural optimizations and molecular-orbital
analysis (see the Supporting Material).
The second line of evidence pertains to the differential
proton affinity that can be expected of a water molecule
and a carboxylate. Clearly, the presence of a competing pro-
tonatable group in the coordination shell is another crucial
distinction between the aforementioned crown ether and
the actual binding site in the Bacillus rotor ring. An estimate
of the relative proton affinities of water and carboxylate can
be derived from the solution pKa of their conjugate acids,Biophysical Journal 99(7) L53–L55i.e., ~1.7 and 4.0. That is, the affinity of a water molecule
for an additional proton is 1,000,000-times weaker than that
of a carboxylate group.
For the Bacillus rotor to favor a hydronium, then, it must
provide an environment that could reverse this inherent bias.
We assessed whether this is the case through ab initio
molecular dynamics simulations of the binding site, which
by design allow for bond-breaking and formation, and
thus enable us to study the proton dynamics.
The results from these simulations consistently show that,
when Hþ is initially bound to the water molecule, transfer to
E54 occurs within ~100 fs (Fig. 3 and Fig. S2). Proton
FIGURE 4 Representative proton-binding sites of ATP-synthase membrane rotors. The Gloeobacter c-ring, whose stoichiometry is
most likely 15 (19), is a model based on molecular dynamics simulations of an A63S mutant of the Spirulina c15 rotor (9).
Biophysical Letters L55transfer is effectively irreversible; no indication of a back-
reaction was detected in simulations with Hþ initially bound
to E54. These observations demonstrate that the proton
affinity of the carboxylate groups is also much stronger
than that of water, in the context of the rotor ring.
In conclusion, in the Bacillus c13 ring as well as in other
Hþ-coupled rotors, an incoming proton will ultimately bind
covalently to the conserved carboxylate side chain, even if it
has reached the site via a hydrated pathway (18). It is in this
state that the bound protons are shuttled by the lipid-facing
c-subunits as the ring rotates within the membrane, before
being released at the a-subunit interface.
The amino-acid composition of the ion-binding sites in
ATP-synthase rotors is significantly variable, even among
those known or expected to be Hþ-coupled (Fig. 4). Their
stoichiometry, and the arrangement of their constituent
subunits, also varies greatly. Nonetheless, all available
structural and theoretical evidence points to a common
mode of Hþ binding, namely protonation of the strictly
conserved carboxylate side chain. Intramolecular interac-
tions formed by this protonated E/D stabilize the closed
conformation of the site, and thus enable the rotary mecha-
nism to proceed. These interactions may be direct, such as
with a backbone carbonyl in the Spirulina c15 rotor, or
with a side chain, e.g., a serine hydroxyl, as we anticipate
for the Gloeobacter c15; but they may be water-mediated,
as in the Bacillus c13 ring, in which the site is mostly hydro-
phobic and its flanking helices are further apart. To date,
however, the notion of H3O
þ binding to ATP-synthase
rotors remains without a basis in reason or in fact.SUPPORTING MATERIAL
Methods, additional results, two figures, and two tables are available at
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